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Proceedings: Third International Conference on Case Histories in Geotechnical Engineering, St. Louis, Missouri,
June 1-4, 1993, Paper No. 7.16

Surcharging of Organic Silt Using Prefabricated Vertical Drains
T. H. Bedenis
Senior Project Engineer, Soil and Materials Engineers, Inc.,
Plymouth, Michigan

SYNOPSIS A new Combined Sewage Overflow (CSO) basin was constructed in Saginaw, Michigan. The project required
an 8.5 foot (2.6 m) diameter connecting sewer to be constructed under a 12 foot (3.7 m) high stockpile of spoil from the
excavation for basin. The soil profile at the site contained a 32 foot (9 .8 m) thick layer of compressible organic silt. Since
the weight of the stockpile was anticipated to cause settlement of the sewer, a surcharge was placed to preconsolidate the
organic silt prior to construction of the sewer. Analysis indicated prefabricated vertical (PV) drains would be required to
achieve the desired consolidation within a period of about 3 months. PV drains were installed under the 12 foot (3.7 m) high
stockpile with an additional 12 foot (3.7 m) high surcharge. Remote settlement gauges and piezometers were installed to
monitor the surcharge. Actual measured settlements of the surcharge indicated the required consolidation occurred
approximately 3 times faster than anticipated.
Due to the constraints of the site, the stockpile had to be
INTRODUCTION
placed over the main 8.5 foot (2.6 m) diameter connecting
The City of Saginaw and Saginaw County, Michigan have sewer (Genesee-Cronk Sewer). The weight of the stockpile
embarked on an ambitious effort to deal with Combined was expected to cause consolidation of underlying organic
soils. This settlement could adversely affect the integrity
Sewage Overflows (CSOs) into the Saginaw River.
Saginaw's combined sewer system services a population of and performance of the connecting sewer.
about 82,000 people with a drainage district encompassing
about 10,325 acres (42,000,000 square meters). A threephase CSO improvement program was developed to
eventually eliminate all sewer outfalls along the Saginaw
River. The first phase called for increasing the overall
storage capacity of the system. To do so required the
construction of six CSO retention and treatment basins.
One of the first CSOs to be constructed was at the Weiss
Street location.
The Weiss Street CSO facility is located on a 60 acre
(243,000 square meter) site on the west side of the Saginaw
River, just north of the I-675 bridge. The previous uses for
the site included a 19th century sawmill and a landfill. An
environmental investigation of the site indicated
contaminated soils were present near the surface. The new
CSO basin was to be constructed below grade, so the
contaminated soils would have to be excavated from the
basin area. Due to the potentially large quantities of
contaminated soils, it was decided on site remediation of
spoil from the excavation would be the most cost effective
solution for the spoil materials.
Approximately 180,000 cubic yards (138,000 cubic meters)
were to be stockpiled over an 11 acre (45,000 square meter)
area adjacent to the retention basin. The stockpile was to
be about 12 feet (3. 7 m) high and would remain on the site
indefinitely.

Figure 1: Site Plan
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SITE AND SOn.. CONDITIONS

DESIGN ALTERNATIVES

Site Conditions

Excessive settlement of the sewer was anticipated if the 12
foot (3.7 m) high stockpile was constructed over the
connecting sewer. Several alternatives were considered
which are described below.

The site topography was relatively flat before construction,
and was within the flood plain of the Saginaw River.
Surface vegetation generally consisted of weeds and brush.
The CSO basin is located on the north end of the site, with
the soil stockpile located in the central portion of the site
(see Figure 1). The connecting sewer flows north toward
the basin, under the western portion of the stockpile.

Removal and Re,placement

Soil Conditions

The organic soils could be removed and replaced with a
non-compressible fill material. However, the depth of
removal and the dewatering required made this alternative
impractical.

The soil conditions and properties at the site are
summarized in Figure 2. The upper 8 feet (2.4 m) of the
profile was fill consisting of a mixture of sand, clay and
miscellaneous debris. Beneath the fill, organic silt extended
to about a depth of 40 feet (12.2 m) where a fine to medium
sand layer was encountered. The sand layer had an average
thickness of about 10 feet (3.1 m). Underlying the sand,
silty clay was observed to depths of about 80 feet (24.4 m).
At about 80 feet (24.4 m), a hard sandy clay till (hardpan)
was encountered.

The sewer could be supported on piles driven to the hard
sandy clay till at a depth of about 80 feet (24.4 m). The
piles would have to support the weight of the sewer plus the
weight of the soil cover. In addition, the settlement caused
by the stockpile would result in negative skin friction on the
piles. These large loads would have required a significant
number of piles. This alternative was considered to be too
expensive.
Rerouting

Consolidation tests were performed on the organic silt
which indicated it was near normally consolidated and thus
very compressible.
DEPTH

SOIL TYPE

PROPERTIES

wt.=

0 ft.

Mixed Sand, Clay
and Dabria Fill

Unit

8 ft.

Organic Silt

Effective Unit
wt. - 43 pcf
W/C = 55\
CR • 0.17
ca • 0.009
cv - 0.018 ft 2 /d

110 pcf

40 ft.

Fine to Medium
sand

Effective Unit
Wt • 65 pcf

so ft.

Silty Clay - Very
Stiff to Stiff

Effective Unit
wt. • 73 pcf
W/C • 15\
c • 2000 pcf
LL ,. 22, PL = 12

60 ft.

Silty Clay - Mad.
to Soft

80 ft.

Rerouting the sewer around the stockpile was also
considered. This alternative would require an increase in
the length of the sewer and added several sharp turns. Both
of these factors would reduce the maximum flow rate of the
sewer. In addition, rerouting the sewer would have
required sheeting and shoring in areas adjacent to existing
utilities, roads and structures.
Surcharging
The alternative considered and ultimately utilized was a
temporary surcharge to consolidate the compressible soils in
the area of the connecting sewer prior to construction of the
sewer.
By preconditioning the site, the design and
construction of the sewer would not require modification.
Conventional precast concrete pipe could be used with a cut
and cover method of excavation. However, since the timing
and sequencing of the CSO project was tight, surcharging
needed to be completed in about 3 months.

Effective Unit
73 pcf
W/C • 35\
c • 500 psf
LL = 47, PL = 21

SETTLEMENT AND SURCHARGE ANALYSIS

wt. •

Estimated Settlements
The first task in the analysis was to determine the long term
settlement of the spoil pile. For saturated compressible
soils, the resulting settlement can be divided into three
components.

Sandy Clay Till
Hard

Figure 2: Soil Profile
DESIGN CONSIDERATIONS
(1)

The 8.5 foot (2.6 m) diameter connecting sewer consisted of
precast concrete segments. The invert elevations for the
sewer are approximately 20 feet (6.1 m) below the ground
surface. The sewer was to be constructed using an open
excavation.
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The initial settlement occurs during the application of the
load. During this phase, the soils deform under the induced
stresses with little volume change. Primary consolidation
settlement occurs as excess pore water pressure dissipates
with time.
Secondary compression settlement is a
continuing long term settlement which occurs after the
dissipation of the excess pore water pressures. Secondary
compression settlements are due to drained creep effects
and continue indefinitely. Figure 3 shows the various
stages of initial, primary consolidation, and secondary
compression settlement.

~

achieve the target settlement of 21 inches (533 mm) of
settlement, approximately 75 percent of the primary
consolidation must occur while the surcharge is iii place.
With just the surcharge alone, the time required to achieve
this level of consolidation was estimated to be about 16
years. This was obviously much too long. Therefore,
additional vertical drainage would be required to reduce the
time required for consolidation. As a result, prefabricated
vertical drains were evaluated and implemented to aid in the
preloading process.
Prefabricated Vertical Drains

Or----------,~------------------------~

Vertical sand drains were first used in the U.S. in the late
1920's. Since then, sand drains have been successfully
used on a large number of projects, Rixner (1986).
However, sand drains have some disadvantages which
include significant disturbance and displacement of the
surrounding soils during installation. In addition, sand
drains were sometimes difficult to install depending on the
soil conditions.

A

f-.:'"
w
:2
w

z

..J

II-

w

IJ)

SECONDARY
COMPRESSION,
EXCESS PORE
PRESSURE (u 6 )

;f

During the 1930's and 1940's prefabricated band-shaped
vertical drains consisting of a cardboard core and paper
filter jacket (wick drains) were being used in place of the
sand drains, Rixner (1986). However, it wasn't until the
development of plastics after World War II that the use of
prefabricated vertical (PV) drains became widely accepted.
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Figure 3: Typical Settlement Curve
Based on the consolidation information obtained for the
organic silt, the amount of primary consolidation settlement
for the 12 foot (3.7 m) high spoil pile was calculated to be
about 18 inches (457 mm). The initial settlement was
ignored since this settlement would occur as the stockpile
was placed. The secondary compression settlement was
~alcul~ted to be about 3 inches (76 mm) for one log cycle of
time (1.e. from 1 year to 10 years). Estimated settlements
of the silty clay below a depth of 50 feet (15.2 m) were
relatively small and were ignored for this analysis.
The time required for 90 percent of the primary
consolidation to be completed was estimated to be about 30
years.
Surcharge Analysis
To reduce the post construction settlements of the sewer, it
was determined that a surcharge will be required. The
surcharge materials were also to consist of the spoil from
the retention basin excavation. A 12 foot (3. 7 m) high
surcharge (total height of 24 feet or 7.3 m) was selected
based on the volume of spoil available and the stability of
the organic soils. The amount of surcharging required to
precondition the site for the spoil pile was chosen to consist
of the full primary consolidation settlement plus the
secondary compression settlement for one log cycle of time,
or about 21 inches (533 mm) of settlement.
The estimated primary consolidation settlement for the 12
foot (3.7 m) high spoil pile plus the 12 foot high surcharge
was
about
28
inches
(711
mm).
To

Today, PV drains have largely replaced sand drains for
most applications. There are more than 50 types of PV
drains on the market today. The most commonly used PV
drain in the U.S. are rectangular in cross section, consisting
of a plastic core wrapped with a synthetic geotextile.
PV drains are typically installed with a hollow steel
mandrel. The cross sectional area of the mandrel is slightly
larger than the PV drain. The PV drains are supplied in
continuous rolls and are feed through the center of the
hollow mandrel. The mandrel is inserted into the ground
under its own weight controlled by a conventional crane rig.
The mandrel is then removed from the soil by the crane,
leaving the PV drain in place.
After the mandrel is
removed, the PV drains are cut off near the ground surface.
If hard soils or debris are encountered near the surface, it
may be necessary to pre-auger the drain locations prior to
installation with the mandrel. The PV drains may be
installed on a triangular or square pattern over the
surcharge area. A drainage blanket of coarse sand or
gravel is then placed over the surface to facilitate the
removal of water from the PV drains.
Surchaq~e

Analysis with PY Prains

Without vertical drainage, only one dimensional
consolidation due to vertical seepage of the pore water
pressure will occur. However, with PV drains installed
both vertical and horizontal (radial) seepage can occur. The
average overall degree of consolidation, U, due to both
vertical and horizontal drainage is given by:
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U = 1- (1-Ull>Cl-Uv)

(2)

For fine grained soils with slight layering this ratio ma'
range from 2 to 5. For soils with significant and continuou
layering the ratio may vary from 3 to 15. Since the amoun
of layering of the organic silt was not known, the ratio of k1
versus kv was conservatively chosen to be 3 for th1
surcharge analysis. Using Equation 7, the ratio of ch versu
Cy would also be 3.

The evaluation of Uv is described in most soil mechanic
textbooks and will not be discussed in this paper. For the
conditions encountered at the Weiss Street CSO, the amount
of vertical consolidation estimated to occur over the target
surcharge period of 3 months is about 9 percent of the total
primary consolidation settlement. Rearranging Equation 2,
the required horizontal degree of consolidation, Uh can be
calculated given the total consolidation required of U =
75% and the estimated degree of vertical consolidation of
Uv = 9%.
Uh

=

1 - (1-U)/(1-Uv)

Th~ center to center spacing of the PV drains for thi:
proJect was selected to be 4.0 feet (1.2 m) with the drain'
installed in a triangular pattern. The eq~ivalent circula'
drain zone of influence for a triangular spacing pattern cru
be represented by:

(3)

For the design surcharge, the required degree of horizontal
consolidation, Uh using Equation 3 is 72 percent.

D = 1.05*S

U:sing Equation 4 and the values developed for the effective
diameter of the PV drains, the drain zone of influence an<
the horizontal coefficient of consolidation the esti~ate<
time to achieve the required degree of co~solidation wa1
about 100 days.

The first comprehensive treatment of radial drainage of
sand drains was performed by Barron (1948). The most
widely used simplified equation of Barron's analysis for
sand drains is:

(4)

SURCHARGE MONITORING

where,
F(n) =

ln(D/d) - 3/4 (simplified)

Due to ~~ tight sch~ule required for the surcharge and the
uncertamtles regardm~ the properties of the organic silt, the
surcha~ge. was momtored to determine if the rate o:
cons?hdat10n would be within the predicted time frame.
Vertical settlements were monitored with remote settlemen:
gauges.
Pore water pressures were monitored witl
piezometers. :'9oth devices used vibrating wire pressun
tran~ducers which. could be r~ad from a single location jus:
outside the stockpile area. Figure 4 shows the locations ol
the monitoring devices.

(5)

Equation 4 was modified by Hansbo (1979) to include the
effects of soil disturbance during installation and the
resistance of flow in the drains. However, these factors are
sometimes ignored to simplify the problem. For this
analysis the writer has chosen to use Equation 4.
The analysis for PV drains has been adapted to the work by
Barron based on the assumption of using an effective
diameter for PV drains equal to:
de = 2(a+b)/?r

(8

(6)

WIRE LEADS

The use of Equation 4 also requires the evaluation of the
horizontal coefficient of consolidation, ch. Laboratory tests
!<J determine ch require special equipment and may result in
maccurate results based on scale effects, Ladd (1977).
Therefore, ch can be estimated by using conventional
consolidation tests to determine the vertical coefficient of
consolidation, Cy and the ratio of the horizontal coefficient
of permeability, kh to the vertical coefficient of
permeability, ley using the following relationship, Rixner

GEOTECHNICAL INSTRUMENTATION
WIRING LEGEND

(1986).

e
0

(7)

The coefficients of permeability, kh and kv may be
determined from laboratory and field tests. How~ver, these
tests can be difficult to perform and evaluate. Depending
on. the complexity of the soil profile, it is possible to
esti~te the ratio of kb versus .kY. based on typical ratios for
various types of soils, JamtoJkowski (1983) and Ladd

PIEZOMETER
REMOTE SETTLEl.IENT DEVICE

Figure 4: Monitoring Devices
Remote Settlement Gauges
Due to the difficulty in obtaining vertical measuremen1
within the spoil pile area with conventional surveyin
techniques, remote reading settlement gauges were used t
monitor the settlement of the stockpile. Two remo1
settlement gauges were installed. The gauges consist of

(1986).
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·plexiglass plate connected to a small reservoir of water.
The reservoir is connected to a length of tubing about 10 to
15 feet (3.1 to 4.6 m) long. At the bottom of the tubing, a
vibrating wire pressure transducer measures the hydrostatic
pressure in the column of water contained in the tubing. A
wire lead is run from the transducer to a protected remote
location away from the stockpile.
The transducer is
attached to a benchmark consisting of a length of pipe
embedded in the hard sandy clay till.
The vertical
movement of the plexiglass plate is then determined by
measuring the changes in the hydrostatic pressure at the
bottom of the water column and dividing by the unit weight
of water. Figure 5 presents a schematic representation of
the remote settlement gauge.

• • • • • Ac tua I (Gauge 4)
• • • • • Ac t u a I ( Ga u g e 6)
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Figure 6: Measured and Predicted Settlements

Reservior

To achieve the maximum benefit, the surcharge was left inplace for the full 3 month period originally planned. The
total settlement at the end of 3 months was about 26 to 28
inches (660 to 711 mm). The rate of settlement decreased
rapidly at about 80 to 90 days, suggesting that the primary
consolidation settlement phase has been completed. The
total settlement measured at the remote settlement gauges
compares very favorably with the total predicted primary
consolidation settlement of 28 inches (711 mm).

Vibrating Wire
Transducer

lk

Steel
Pipe---

The writer believes the reason a higher a rate of
consolidation settlement was observed than predicted is that
the organic silt was more layered than anticipated.
Therefore, it is believed the horizontal coefficient of
consolidation, ch, was significantly higher than anticipated.
The predicted settlement was recalculated using a ratio of ch
versus Cy of 10 instead of a ratio of 3 originally used in the
analysis prior to construction. This curve is also shown on
Figure 6. As can be seen, the lower portion of this curve
agrees favorably with the measured settlements.
The
discrepancies in the upper portion of the curve is believed to
be due to the gradual placement of the spoil and surcharge
rather than the immediate application of the load as assumed
by the analysis.

Grout
Figure 5: Remote Settlement Gauge
Piezometers
Five vibrating wire piezometers were installed within the
organic silt layer at depths of about 20 ft (6.1 m) and 30
feet (9.1 m). The piezometers were encased inside a metal
drive point and were installed by driving the points to the
desired depth and removing the drilling rods, leaving the
piezometers in place. The wire leads for the piezometers
were also run to the same location as the leads for the
settlement gauges.

Pore Water Pressures

RESULTS

The results of the piezometer measurements are shown in
Figure 7. These results were much more erratic than the
settlement measurements. The writer believes the pore
water pressures measured were influenced by the distance
the piezometers were placed from the PV drains and the
dewatering program required for the excavation for the
retention basin. Several deep wells were installed around
the perimeter of the retention basin to lower the local
groundwater level. The radius of influence of these wells

Measured ys. Predicted Settlements
The results from the remote settlement gauges (Gauges 4
and 6) are shown in Figure 6 along with the previous
predicted rate of settlement. The actual settlement was
much faster than predicted. The required 21 inches (533
mm) of settlement (U = 75%) actually occurred in about
30 days rather than the predicted 100 days.
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S. Installation of the remote monitoring devices

appeared to be within the area of the piezometers. The link
between the dewatering wells and the piezometers was
verified when some wells were turned off at about 100 days
and a subsequent rise in pore pressure was also observed at
the piezometer locations.
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Figure 7: Measured Excess Pore Water Pressures
Despite the erratic nature of the results, some trends in the
pore water pressure measurements can be observed. A
generally rapid rise in pore water pressures can be seen
This rise is
during the placement of the surcharge.
generally followed by a relatively slow decrease in pore
pressures. The rate of pore water pressure dissipation then
decreases with time. These general trends are consistent
with the anticipated results for primary consolidation of the
organic soils.
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SYMBOLS
p.I =

Pc1 =

CONCLUSIONS

p8

=

t

=

The conclusions derived from this case history are
summarized as follows:
1. Prefabricated vertical drains are a very effective
means of decreasing the time required for
surcharging organics silts.
The estimated time
required for surcharging in this case was reduced by
a factor of about 64 when vertical drainage was used.

D

-- 2. The rate of consolidation when using PV drains is
directly related to horizontal drainage characteristics
of the compressible soils. The more numerous and
continuous the horizontal layering of the soil deposit,
the more effective the PV drains.

=

ev=
kh =
kv =
d =
de =

3. Even using conservative assumptions regarding the
consolidation characteristics of the soil, reasonable
PV drain spacings can be achieved. More extensive
testing of the soil's horizontal drainage characteristics
may result in larger spacings of the PV drains.

a
b

=
=

S=

4. Monitoring of the vertical movements is essential to
determine the effectiveness of the surcharge.
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initial settlement
primary consolidation
settlement
secondary compression
settlement
overall average degree of consolidation
average degree of consolidation due to
horizontal (or radial) drainage
average degree of consolidation due to
vertical drainage
time required to achieve uh
diameter of the cylinder of influence of
the drain (drain influence zone)
coefficient of consolidation for horizontal
drainage
coefficient of consolidation for vertical
drainage
horizontal coefficient of permeability
vertical coefficient of permeability
diameter of circular drain
effective diameter of PV drain
width of PV drain
thickness of PV drain
triangular spacing distance

